Rigid cage-like molecules, like diamondoids, have been used to template the assembly of 1-D nanomaterials, and it has been hypothesized that uniquely strong van der Waals forces may explain this structure-directing behavior. However, the molecular origins of diamondoid assembly has remained largely unexplored. In this work, we computationally investigate diamondoid assembly to determine how structural rigidity influences molecular interactions. We developed a model system to isolate pairwise interactions and parse entropic and enthalpic contributions to the free energy of diamondoid assembly. The model consists of pairs of molecules in a thermal bath, fixed at set intermolecular separations and allowed to freely rotate. By comparing diamondoids to analogous linear alkanes, we draw out the impact of rigidity on pairwise interactions. Due to the bulky structure of diamondoids, we find that linear alkanes actually exhibit stronger van der Waals dispersion interactions than diamondoids at molecular contact. Yet, we also find that diamondoid assembly is more favorable than analogous linear alkanes, as diamondoids pay lower entropic penalties when assembling into contact pairs. Thus, the cage-like shape of diamondoids introduces an enthalpic penalty for molecular assembly, but the penalty is outweighed by favorable entropic effects. These results provide a rigorous understanding of the structure-directing interactions observed in diamondoids and show how molecular rigidity can be engineered to tune the selfassembly of functional materials, such as biomimetic surfaces and nanoscale materials.
Introduction
Van der Waals dispersion interactions originate in correlated electron density fluctuations, and operate between all closely-spaced molecules and surfaces [1] [2] [3] . Dispersion interactions between rigid macroscopic surfaces are known to be strong enough to lead to pronounced attractive forces, for example in gecko-mimetic adhesives [4] [5] [6] and in Van der Waals heterostructures 7, 8 . These strong forces emerge from extremely large numbers of interacting pairs. While pairwise van der Waals dispersion forces have been extensively studied for many common molecules, like linear alkanes 9 and alkanethiols 10, 11 several recent reports suggest the presence of unusually strong intermolecular forces between nonpolar, cage-like, diamondoid molecules [12] [13] [14] . For example, the longest carboncarbon bond reported to date was observed bridging two diamondoid structures 12 . Moreover, intermolecular interactions between diamondoids were recently used to synthesize nanowires with a three-atom cross-section 13 . The molecular origin of these strong forces remains unclear.
Thus far, strong interactions in diamondoids were hypothesized to primarily result from an increase in the strength of van der Waals dispersion forces, relative to non-polar molecules of comparable sizes 12, 15, 16 . However, van der Waals interactions arise primarily from molecular sizes and polarizabilities 1, 2, 17 , suggesting that the strength of van der Waals dispersion interactions between diamondoids should be comparable to dispersion interactions between analogous linear alkanes. Moreover, both linear alkanes and diamondoids exhibit sp 3 hybridization 14, [18] [19] [20] , further indicating that the van der Waals dispersion interactions should be similar across the two species. Nevertheless, structures templated by diamondoids differ from the layered shapes assembled by linear hydrocarbons 21, 22 .
In contrast to the enthalpic contribution to diamondoid self-assembly, which has been previously discussed 12, 15, 23 , differences in configurational entropy have not been explicitly explored. Where diamondoids exhibit only one configuration, linear alkanes exhibit a wide range of configurations 1, 2, 24, 25 (Fig. 1) . We hypothesize that the rigidity of diamondoids will considerably lower the configurational entropy penalty for the assembly of diamondoid pairs, relative to flexible molecules like linear alkanes. In this work, we computationally test this idea by developing a model system that teases out the entropic effects on assembly from the enthalpic effects in diamondoids and comparing these effects to analogous linear alkanes composed of the same number of carbon atoms, depicted in Figure 1 .
Specifically, we investigate the role of entropy in pairwise interactions by using Molecular Dynamics simulations to quantitatively isolate pairwise entropic interactions from enthalpic interactions. We use a model system consisting of two molecules in a thermal bath of LennardJones (LJ) particles 26 to isolate effects of molecular rigidity on assembly. Specifically, we compute entropy changes associated with bringing symmetric pairs of non-polar hydrocarbon molecules from infinite separation to molecular contact in a LJ model of hexane. By comparing interactions between adamantane pairs to decane pairs, which both have ten carbon atoms, and of diamantane pairs to tetradecane pairs, which both have fourteen carbon atoms, we illuminate the effects of the rigid and symmetric diamondoid structure, as compared to flexible linear alkanes. By using a low density of LJ particles as the thermal bath, we minimize the contribution of solvent effects to the potential of mean force, like solvation and solvent ordering. We find that differences in molecular configurational entropies overcome the differences in enthalpic van der Waals dispersion interactions, providing a molecular explanation for the strong apparent intermolecular interactions between diamondoid molecules.
Previous studies of diamondoid assembly primarily use macroscopic bulk systems 27, 28 , and are thus resolving lattice effects. By contrast, our model limits the interaction to just pairwise interactions, which provides a complementary approach to understanding the intermolecular forces that drive self-assembly. Of the studies that do examine smaller-scale interactions, most investigations combine distinct enthalpic effects (dispersion interactions) and entropic effects into a single 'effective' van der Waals dispersion interaction free energy 12, 13 . The model system we develop enables us to isolate the influence of molecular structure on entropic contributions and on enthalpic contributions to diamondoid assembly.
Computational Methods
We ran a molecular dynamics (MD) simulation on Lammps 29 . The simulation cell is a cube of side length 200 angstroms. Periodic boundaries were applied to every direction. The initial condition consisted of a pair of molecules at the center of the cell, with Lennard-Jones vapor evenly dispersed throughout the cell in a regular lattice configuration. The Lennard-Jones molecules were initially spaced 40 angstroms apart from one another in all three spatial directions. A vapor was used rather than a solvent in order eliminate any solvent-specific effects, while maintaining ergodicity. For the Lennard-Jones parameters, the energy (epsilon) was set to 0.60, and the distance (sigma) was set to 3.0. This corresponds to a Lennard-Jones potential of the form ( ) = 4 (( ) 12 − ( ) 6 ). These values were chosen based on an example provided by moltemplate, a common molecule-builder for Lammps 29 .
Each simulation consisted of a pair of diamondoid or alkane molecules in a bath of Lennard-Jones particles. The Lennard-Jones vapor was introduced in order to create an ergodic system, and therefore ensure that entropy and free energy have well-defined values in the context of the simulation 30, 31 . The diamondoid or alkane molecules were held at a fixed distance, allowing for infinitesimal movements, using the Lammps "fix momentum" method. The method was only used to fix linear momentum-angular momentum was not preset. The distance between molecules was defined by the distance between centers of mass. Each simulation was run for 10 7 time-steps at 300K. For each molecular pair, at least forty independent simulations were run for a range of intermolecular separations.
The closest intermolecular distances were those for molecular contact and are defined as the 0 Angstrom distance in Figures 2-4 . In the case of decane and tetradecane, the lowest energy contact distance in a crystal were used to define contact 32 . In the case of adamantane and diamantane, molecular contact was defined to be the lowest energy surface contact. Data points were gathered from contact until a distance of greater than 30 angstroms between molecules of interest was achieved. The MD simulation directly output average pairwise energy, average force between molecules, and center-of-mass separation between the two solute molecules. The force vector was projected onto the vector connecting the centers of mass of the two molecules in order to extract a scalar that preserved the sign of the interaction.
This setup corresponds to a canonical ensemble as it has a fixed volume and fixed number of particles. Thus, the enthalpy is exactly the pairwise energy 33 . In order to find enthalpy changes, the enthalpy value at a given intermolecular separation was subtracted from the value at infinity. The value at infinity was determined by averaging the enthalpy values from the region in which enthalpy ceased to consistently increase or decrease as the distance was changed.
The Helmholtz free energy changes were determined through thermodynamic integration, where the free energy is determined by integrating the ensemble average of derivative of the potential with respecting to a "coupling parameter" over a series of values of that coupling parameter 34, 35 . The ensemble average is equivalent to an average over time in the long-time limit 36 . In our setup, the coupling parameter is distance, so the derivative of the potential is the negative of the force 36 . In order to extract the free energy change, we perform the following integral:
where the angular brackets indicate an average. The integral was performed by applying the Matlab "trapz" method to the force data, with respect to the distance data. Lastly, to determine entropy, the free energy change was subtracted from the enthalpy change for each distance. The entropy given in the plots is the calculated enthalpy change multiplied by 300K, such that the entropy would be given in the same units as enthalpy and free energy. The entropy was also multiplied by negative one in order to have negative values consistently indicate attraction.
Results
Our primary goals are to quantitatively assess whether the van der Waals contribution to interaction free energy in diamondoids differs from those of their alkane counterparts and gain insight into the molecular origin of strong pairwise interactions between diamondoid molecules
Free Energy of Interaction
We find that the pairwise free energy change for bringing two molecules from infinite separation to molecular contact was more than twice as favorable for diamondoids than for analogous linear hydrocarbons, as shown in Figure 2 . This is in agreement with prior experimental findings 12, 13 . All of the calculated free energy changes are positive, and thus repulsive, because diamondoids and linear alkanes are not thermodynamically driven to assembly in the absence of an applied potential in a room temperature vapor, such as the model LJ thermal bath used here.
The maximum free energy change was 0.6 kcal/mol for adamantane and 1.3 kcal/mol for decane, which is a difference of 1.2 kBT. For the second diamondoid-alkane comparison, the maximum free energy change for tetradecane was 2.2 kcal/mol as compared to a value of 0.9 kcal/mol for diamantane, which is a difference of 2.2 kBT. The onset of interaction occurs at a larger separation for the linear alkanes than for the diamondoids, as can be seen in Figure 2 Figure 2a (left) shows the free energy change for a pair of decane molecules (black squares) and a pair of adamantane molecules (red circles), in a LJ thermal bath. Figure 2b (right) shows the free energy change for a pair of tetradecane molecules (green triangles) and a pair of diamantane molecules (blue stars), in a LJ thermal bath. Positive values are repulsive. Each point represents the free energy change associated with bringing the pair of molecules from infinity to the given interatomic separation, and the zero-separation value corresponds to molecular contact. It is more than twice as favorable to bring diamondoids into contact than linear alkanes. Figure 3 shows the enthalpic contribution to the total interaction free energy shown in Figure 2 . The enthalpic contribution was calculated by summing up pairwise interactions between atoms in the molecules in each pair, for which one atom belonged to each molecule. Enthalpy due to interactions with Lennard-Jones particles was excluded from the calculation. Each point represents the change in enthalpy associated with bringing the pair of molecules from infinity to the given interatomic separation, and the zero-separation value corresponds to molecular contact. The enthalpic attraction at contact is higher for linear alkanes than for analogous diamondoids.
Van der Waals Interaction
As shown in Figure 3 , the enthalpic attractions between linear alkanes are stronger than those for the analogous diamondoid pairs. Quantitatively, we measure a maximum energy difference of 1.3 kBT between decane and adamantane, and similarly, we measure a maximum energy difference of 1.4 kBT between tetradecane and diamantane. While the total free energy has an onset of interaction that starts at a larger separation for the alkanes than for the diamondoids, the onset of enthalpic interaction is similar for both species.
These results can be explained by steric effects. The diamondoid molecules are bulkier than the linear alkanes, so at a given intermolecular separation, pairwise interactions for atoms on two different linear alkane molecules are on average closer together than the atoms across two different diamondoid molecules. Diamondoids thus pay an enthalpic penalty when assembling, due to their rigid structure, as compared to the flexible linear alkanes. In fact, solely considering van der Waals dispersion interactions would lead to the prediction that diamondoids should be less effective than linear alkanes at templating self-assembled structures.
Entropic Contribution
We then examined the influence of entropy on interaction free energies, since we found that enthalpic interactions are unable to explain strong intermolecular interactions between diamondoid molecules. Entropy changes were found by subtracting the total free energy change, which was determined via thermodynamic integration 34 , from the enthalpy change, which was calculated directly from the simulations 29, 37 . These calculations were again done in the presence of an LJ vapor as a thermal bath, and additional information is detailed in the methods section. Figure 4b (right) shows the entropy change for a pair of decane molecules (green triangles) and a pair of diamantane molecules (blue stars), in a LJ thermal bath. Positive values are repulsive. Each point represents the change in entropic contribution to free energy associated with bringing the pair of molecules from infinity to the given interatomic separation, and the zero-separation value corresponds to approximate molecular contact. There is a much lower entropic penalty for bringing diamondoids into contact than linear alkanes.
As shown in the Figure 4 , the entropic penalty associated with bringing together two decane molecules is more than twice the penalty for a pair of adamantane molecules, and likewise the penalty for tetradecane is nearly twice that of diamantane. The difference in entropic penalties is 2.7 kBT for decane versus adamantane, and 3.5 kBT for tetradecane versus diamantane. Moreover, we observe the same pattern with tetradecane and diamantane. We see here that the onset of entropic interaction occurs at a greater distance for the linear alkanes than for the diamondoids, consistent with our results for free energy. Though the rigid diamondoids pay an enthalpic penalty when assembling, the penalty is compensated for by the entropic benefit. The rigidity of the diamondoids minimizes the entropic cost associated with assembling.
We summarize the results in Table 1 . Diamantane 0.9 -3.5 4.4 Table 1 . Changes in free energy, enthalpy, and entropy from infinite separation to contact. The table above includes the values for maximum change in free energy, enthalpy, and entropy for each of the molecular species investigated in this paper. The maximum change is that for bringing the pair of molecules from infinite separation to molecular contact.
Discussion
We find that that the interaction free energy is more favorable for diamondoids than for their linear hydrocarbon counterparts. Our results agree with recent experimental findings 12, 13 , and provide further insight into these findings. In examining interaction enthalpies, we find that linear alkanes exhibit stronger van der Waals dispersion interactions than diamondoids at all separations: diamondoids pay an enthalpic penalty due to their rigidity. When compared to diamondoids, nearly all of the atoms in linear alkane are closer to the interface between the molecules. Further, linear alkanes have more hydrogen atoms than their diamondoid counterparts. Both factors contribute to yielding lower average interatomic separation and more atoms per unit volume for linear alkanes than for analogous diamondoids 38, 39 .
However, the enthalpic penalty paid by diamondoids is offset by a significant decrease in the entropic penalty paid during assembly. Near molecular contact, alkanes are largely limited to a single configuration, but far from contact, a large number of configurations are available. By contrast, diamondoids have only one configuration available at all separation distances, from infinite separation to molecular contact 2, 39 . As such, alkanes lose a large amount of configurational entropy upon assembly, whereas diamondoids lose no configurational entropy. Moreover, diamondoids are highly symmetric molecules, which reduces rotational entropy 2, 39 . Overall, the entropy change due to assembly is more favorable for diamondoids than linear alkanes, and this difference overcomes the enthalpic penalty paid by diamondoids. Thus, molecular assembly is more favorable for diamondoids than for linear alkanes, despite the alkanes having a more favorable enthalpy of interaction.
The total interaction free energy, as shown in Figure 2 , begins to approach 1 kBT several angstroms further apart for the linear alkanes than for the diamondoids. In addition to strength, ranges for molecular interactions are critical to assembly 2 , and may furthermore influence kinetics and pathways of assembly. Because the interaction onset is similar between the two species for enthalpic interaction, we can attribute this difference to entropic interaction. The interaction onset for diamondoids occurs at a shorter distance for entropic interaction than for enthalpic interaction, but the enthalpic and entropic onsets remain approximately the same for the alkane species.
We find that differences in molecular configurational entropies overcome the differences in enthalpic van der Waals dispersion interactions, providing a molecular explanation for the strong apparent intermolecular interactions between diamondoid molecules. Due to bulky and rigid structures, diamondoids pay an enthalpic penalty for assembly relative to more compact linear alkanes, but that penalty is overcome by the considerably more favorable entropic interactions. By contrast, linear alkanes have more favorable enthalpic interactions, but this enthalpic gain is offset by the unfavorable entropic interactions. Thus, the overall molecular interaction potential for assembling diamondoid species is more favorable than for more flexible species with chemically similar bonding, like linear alkanes.
These results highlight the impact of rigidity on molecular assembly. Our model exemplifies inherent balance between entropy and enthalpy, in which rigidity serves as one knob to turn in the assembly of functional materials. Thus, our work opens the door to rational strategies for tuning the balance between enthalpy and entropy to drive the assembly of materials, such as supramolecular assemblies 40, 41 or nanostructured materials for energy interfaces 42, 43 . Moreover, our understanding of rigidity is highly relevant to nanoparticles 44 and solid surfaces. By tuning the rigidity of the molecular compound, we significantly impact the range and strength of interaction between the particles and may thus influence a variety of properties of molecular clusters and nanoparticles, such as volume and geometry.
Conclusion
We find the total free energy of interaction for bringing pairs of diamondoid molecules from non-interacting separation to molecular contact is more favorable than for analogous linear alkanes, in agreement with recent experiments. Our simulations show that the molecular rigidity of diamondoids introduces an enthalpic penalty for molecular assembly, but this penalty is overcome by larger favorable entropic effects. From these results, we conclude that rigidity and the resultant balance between entropic and enthalpic effects provides an explanation for the pronounced structure-directing self-assembly behavior that has been recently observed for diamondoids. More broadly, our results illustrate that changes in molecular rigidity and configurational entropy can impact molecular assembly processes with magnitudes that approach that of introducing dipoles or other chemical functionalities. Finally, we demonstrate an efficient, facile method for calculating the entropy of interaction for small molecules, which can be readily applied to screening how molecular entropy can be leveraged to influence self-assembly behavior, with applications ranging from biomaterials 45 to nanotechnology 46 .
